Pyroxenites occur as rare, but important, mantle xenoliths within Cenozoic volcanic rocks of the Central European Volcanic Province (CEVP). We report the petrography, geothermobarometry, mineral chemistry as well as clinopyroxene trace-element and Sr-Nd isotopic compositions of six pyroxenite xenoliths hosted by Tertiary-Quaternary volcanic rocks from Kozákov (NE Bohemia), Dobkovičky and Kuzov (Ohře/Eger Rift), and Lutynia (SW Poland). Three Kozákov xenoliths record a complex nature and evolution. As suggested by contrasting estimated temperatures (596-663 ºC and 1008-1067 ºC) and textures, olivine clinopyroxenite and one websterite were likely derived from different depths and may represent crystallization products of transient melts. Another websterite contains symplectite pseudomorphs after garnet which originated by exsolution from highly aluminous clinopyroxene, and the garnet breakdown was associated with melt introduction. This websterite P-T conditions (17.3 to 21.4 kbar and 1080-1200 ºC) correspond to derivation from depths of 55-69 km. The composition of websterite from Dobkovičky suggests its origin as a cumulate from melt derived from a highly depleted mantle source with a composition similar to Depleted MORB Mantle (DMM). The position and petrological significance of websterite from Kuzov remains unclear because of a lack of data from associated peridotites. At Lutynia, cryptic metasomatism of peridotites by a CO 2 -bearing alkaline melt was described previously, and the composition of melt calculated to be in equilibrium with Lutynia websterite clinopyroxene is very similar to that in equilibrium with metasomatized amphibole-bearing peridotite. Therefore, the Lutynia websterite may represent a cumulate from percolating melt that metasomatized the lithospheric mantle in this area.
Introduction
Pyroxenite is a volumetrically minor, but petrologically significant, mantle rock type found in mafic-ultramafic series. Pyroxenites usually form layers, veins, or dikes in orogenic peridotites and occur as xenoliths of variable sizes and shapes in volcanic rocks. Their compositions range from orthopyroxenite through websterite to clinopyroxenite, with variable modal contents of olivine and the common presence of garnet and/or spinel. The origin of pyroxenites is still largely debated (Downes 2007; Gonzaga et al. 2010a, b) , and diverse processes of formation have been proposed, such as crystallization from silicate melts passing through the lithospheric mantle (e.g., Frey 1980; Loubet and Allègre 1982; Witt-Eickschen and Kramm 1998; Puziewicz et al. 2011) , in-situ melting/ dissolution of pyroxenes and their subsequent precipitation in pyroxenite layers (Dick and Sinton 1979; Chen et al. 2001) , melt-rock reaction between peridotite and transient basaltic melts (Porreca et al. 2006; Ackerman et al. 2009 ), and high-pressure crystal accumulation from subduction-related melts Medaris et al. 1995) .
In this paper, we present the petrography, major-and trace-element compositions of minerals, and Sr and Nd isotopic data for clinopyroxene in six mantle pyroxenite xenoliths from the Bohemian Massif. The xenoliths are hosted by Tertiary-Quaternary alkaline basalts of the Central European Volcanic Province (CEVP; Wilson and Downes 1991) . The data reveal a spectrum of xenolith compositions and characteristics that are interpreted in the context of various magmatic processes and mantle sources. 
Geological setting and sample localities
Cenozoic volcanism forms several centers within the extensive European Cenozoic rift system including the Variscan basement of Spain, the French Massif Central, the Rhine Graben, the Rhenish Massif, the Lower Rhine Embayment and Hessen Depression (Prodehl et al. 1995) and the easternmost part of the rift system, the ENE-WSW trending Ohře/Eger Graben in the Bohemian Massif (Kopecký 1978; Ziegler 1994) . Cenozoic alkaline volcanic rocks are also exposed farther north to Lusatia and south to the Oberpfalz (Fig. 1) . Geophysical evidence indicates that the thickness of the lithosphere beneath the western Ohře Graben is ~80 km (Babuška and Plomerová 1992; . The other volcano-tectonic zones of the Bohemian Massif are the Cheb-Domažlice Graben in western Bohemia (Ulrych et al. 2003) and the Labe/Elbe-Odra Fault System with dispersed volcanic centers in northeastern Bohemia (Fediuk and Fediuková 1985; Birkenmajer et al. 2004; Ulrych et al. 2011) . Based on ages, geochemical and mineralogical characteristics, and the paleostress chart for the Bohemian Massif, three main intervals of Late Cretaceous to Cenozoic volcanic activity have been identified at 79-49, 42-16 and 16-0.26 Ma (Ulrych et al. 2011) . Mantle xenoliths, predominantly peridotite, are abundant in the volcanic rocks of all three episodes with a maximum abundance in the main syn-rift Eocene to Miocene period, which is characterized by strongly alkaline nephelinite-tephrite-phonolite series and weakly alkaline olivine nephelinite-basanite-trachyte series.
Mantle pyroxenite xenoliths in Cenozoic basalts are rare, and their origin and role during mantle metasomatism is sparsely documented so far. The composition of CEVP pyroxenite xenoliths varies from clinopyroxenite through websterite to rare orthopyroxenite; most pyroxenites contain spinel, and some, olivine (e.g., Fediuk 1994; Witt-Eickschen and Kramm 1998; Ulrych et al. 2000; Witt-Eickschen et al. 2003; Galán et al. 2011; Puziewicz et al. 2011) .
We studied pyroxenite xenoliths from four different nepheline basanite suites in the Bohemian Massif ( Fig. 1): (1) Kozákov volcano located in NE Bohemia on the Lusatian Fault System, which is part of the Labe/Elbe-Odra Fault System (Ulrych et al. 2011) , (2) Dobkovičky lava flows associated with the Litochovice Fault System in the Ohře/Eger Rift, (3) Kuzov dikes located on the Třebívlice Fault in the Ohře/Eger Rift, and (4) Lutynia volcanic plug and lava flows in SW Poland associated with the Labe/ Elbe-Odra Fault System in the Western Sudetes.
Kozákov volcano
The 3.5-6.7 Ma (K-Ar age) old Kozákov volcano (Šibrava and Havlíček 1980; Lustrino and Wilson 2007) comprises nepheline basaltic flows and hosts abundant spinel lherzolite xenoliths accompanied by subordinate harzburgite, dunite and rare pyroxenite xenoliths (Fediuk 1994) . Based on geothermobarometry, whole-rock geochemistry, geothermal considerations and geophysical data, Christensen et al. (2001) and Ackerman et al. (2007) have shown that the upper mantle beneath the Kozákov volcano is layered, consisting of two layers of equigranular peridotite at depth intervals of ~32-43 km and ~65-70 km and an intervening layer of protogranular peridotite at ~43-65 km. This layered mantle section experienced variable degrees of partial melting from 5 to 17 % depending on the depth (decreasing depletion with increasing depth). Subsequent metasomatism of a depleted lherzolite protolith, most likely by a silicate melt, produced enrichment in the large ion lithophile elements, light rare earth elements and high field strength elements (Ackerman et al. 2007 ).
Dobkovičky quarry
Massive flows of nepheline basanite, dated at 29.5 Ma (KAr age - Lustrino and Wilson 2007) , are exposed in large quarries on both sides of the Labe/Elbe River and belong to a 100 m-thick sequence of basaltic lavas in the central part of the České Středohoří Mts. in the Ohře/Eger Rift. In the Dobkovičky quarry, mantle xenoliths consist of abundant spinel harzburgite and rare lherzolite and pyroxenite. The xenoliths (mostly tabular in shape, up to 15 cm in diameter) are commonly pervasively hydrothermally altered and infiltrated by nephelinite. Frýda and Vokurka (1995) studied unusual harzburgite xenoliths containing secondary apatite and calcite. They interpreted the Sr-Nd isotopic compositions of calcite as an evidence for origin of the secondary minerals by carbonatitic melt/fluid metasomatism at mantle depths, rather than overprinting by the host basanite magma. Rare clinopyroxenite xenoliths up to 7 cm in diameter were briefly described by Mihaljevič (1993) as almost monomineralic Cr-clinopyroxene rocks replaced by chlorite.
Kuzov Hill
Kuzov Hill is located in the České Středohoří Mts. (Ohře/Eger Rift) and is formed by two intersecting sets of nepheline basanite dykes that are exposed in abandoned local quarries. Both dykes contain mantle xenoliths of spinel lherzolite and dunite (usually up to 5 cm in diameter) which are accompanied by rare clinopyroxenite xenoliths.
Lutynia village
The Lutynia locality consists of a volcanic plug and associated lava flows that are exposed in active (Lutynia II) and abandoned (Lutynia I) quarries at the village of Szwedzkie Szance NNE of the town of Lądek Zdrój, SW Poland (Birkenmajer et al. 2002) . Other lava flows crop out at Čedičový vrch Hill near the village Zálesí in the Czech Republic. At these localities, large xenoliths of spinel lherzolite, harzburgite and dunite occur, accompanied by rare clinopyroxenite xenoliths and orthopyroxene megacrysts (Fediuk and Fediuková 1989; Matusiak-Małek et al. 2010) . K-Ar ages of samples from the volcanic plug at Lutynia I and Lutynia II are 4.56 ± 0.20 and 3.83 ± 0.17 Ma, respectively, and the Lądek Zdrój flows yielded 5.46 ± 0.23 Ma (Birkenmajer et al. 2002) . Spinel lherzolite and harzburgite xenoliths (of angular to oval shape, up to 10 cm in size) with rare amphibole were studied in detail by Matusiak-Małek et al. (2010) . These authors reported evidence for different degrees of partial melting (8-15 %) and subsequent cryptic metasomatism by a CO 2 -bearing alkaline melt. Pyroxenite xenoliths have not been described previously from this locality.
Analytical methods
Major-element analyses of minerals in the studied pyroxenite samples were carried out at the Institute of Geology v.v.i., Academy of Sciences of the Czech Republic, Prague (ASCR), on a CAMECA SX 100 electron microprobe (EMP) equipped with a WDS analyzer. Analytical conditions were 15 kV accelerating voltage, 10 nA current and 2 µm beam diameter. The bulk compositions of symplectite pseudomorphs after garnet were analyzed using a larger beam diameter of 80 µm. Synthetic and natural minerals were used as internal standards for corresponding elements and data reduction was performed by the software of Merlet (1994) . The mineral abbreviations used in this work are from Kretz (1983) .
Trace-element concentrations in clinopyroxene and symplectite pseudomorphs were determined in-situ using a Thermo-Finnigan Element 2 sector field ICP-MS coupled with a 213 nm NdYAG laser (New Wave Research UP-213) at ASCR. The laser was fired at a repetition rate of 20 Hz, the laser energy was 6-7 J/cm 2 , and the 100 µm beam size produced 60 µm-long ablation line patterns. One to two analyses were performed in individual clinopyroxene grains or symplectite pseudomorphs. The sample introduction system was modified to enable the simultaneous nebulization (e.g., Horn et al. 2000 ) of a tracer solution through an Aridus II TM desolvating nebulizer (CETAC Technologies) and a T-piece tube attached to the back end of the plasma torch. All isotopes were measured at the low mass resolution mode (m/∆m = 300) and the data were calibrated against the external standard of synthetic silicate glass NIST SRM 612. The internal standardization with 40 Ca was used to correct for matrix effects and signal drift of the ICP-MS. The time-resolved signal data were processed using the Glitter software (http://www.glitter-gemoc.com/) and the absolute concentrations were calculated using Pearce et al. (1997) values for NIST 612. The analytical precision (relative standard deviation -RSD) of all elements is better than 5 %. The accuracy was tested using cross calibration between NIST SRM 610 and 612 glasses yielding RSDs better than 10 % for most analyzed elements when compared to published values (Pearce et al. 1997 ).
The Sr-Nd isotopic analyses of clinopyroxene separates from the xenolith samples were performed at the Universität München according to the procedures outlined in Hegner et al. (1995) . In order to remove grain boundary components, the minerals were leached in hot 6 M HCl and 6M HNO 3 for one hour each, followed by washing them three times in ultrapure water. The Sr and Nd isotopic abundances were acquired by ThermoFisher Triton thermal ionization mass spectrometer in static mode. Data handling and plotting was carried out using the GCDkit software (Janoušek et al. 2006 ).
Petrography and microstructure of the pyroxenite xenoliths
The Kozákov pyroxenite xenoliths include two websterites, samples KOZ-4 and KOZ-5, and one olivine clinopyroxenite, KOZ-17, which were collected in an active quarry near the village of Proseč. Samples KOZ-4 and KOZ-5 are rounded xenoliths of 6 × 7 cm in size, whereas sample KOZ-17 is a subangular xenolith of 4 × 4 cm across. The xenoliths exhibit distinctly different textures (following the classification of Mercier and Nicolas, 1975) and petrographic features. Sample KOZ-4 is a websterite (Tab. 1) with a porphyroclastic texture, in which large, strained grains of clinopyroxene up to 2 cm are surrounded by a matrix of fine-grained (0.5-2 mm) anhedral grains of undeformed orthopyroxene and clinopyroxene ( Fig. 2a-b spinel, < 0.5 mm in size, occur in the matrix, as does rare ilmenite. The large clinopyroxene grains contain exsolution lamellae of orthopyroxene and symplectites interpreted as pseudomorphs after garnet. Symplectite pseudomorphs consist of orthopyroxene and plagioclase and occur as (1) lamellae < 1.5 mm in length parallel to either (100) or (010) in clinopyroxene ( Fig. 3a) , and (2) round to oval-shaped domains, < 1 mm across, within the matrix and porphyroclasts (Fig. 4a) . In both cases, two textural varieties of symplectite can be distinguished: Type I with a smaller grain size and more pronounced layered structure, and a coarser-grained Type II ( Fig. 4a-b ). The grain sizes in both Type I (<1 µm) and II (1-3 µm) are too small to permit accurate chemical analysis by EMP. Oval-shaped pseudomorph domains also commonly contain kelyphite rims consisting of brown (Al-rich) spinel and orthopyroxene. The presence of melt pockets (olivine + plagioclase) at silicate grain boundaries in the xenolith is due to incipient, local melting of the xenolith in response to heating by basanite melt during incorporation and/or transport of the xenolith. Sample KOZ-5 is a spinel websterite that exhibits a coarse-grained (2-6 mm grain size), protogranular texture ( Fig. 2c-d ). Pale Al-rich spinel occurs as small (≤ 0.5 mm in size), rounded grains at pyroxene grain boundaries and, locally, as inclusions. Orthopyroxene grains commonly contain preferentially oriented, tiny rods of spinel and thin exsolution lamellae of clinopyroxene (Fig. 3b) .
Sample KOZ-17 is an olivine-spinel clinopyroxenite with a mosaic inequigranular texture, consisting of large (1 mm) clinopyroxene grains surrounded by a finer grained (<0.5 mm) clinopyroxene-rich matrix with curvilinear grain boundaries ( Fig. 2e-f ). The sample consists of ~90 vol. % clinopyroxene, generally devoid of exsolution lamellae, and minor orthopyroxene and olivine, which are associated with larger clinopyroxene crystals. Spinel occurs as light brown, irregular to rounded grains within the recrystallized matrix. The Dobkovičky websterite sample DOB-07 has a rounded shape with a dimension 4 × 4 cm and contains an entirely fresh mineral assemblage. The xenolith shows a characteristic, magmatic cumulate texture (Fig. 5a-b) , in which large clinopyroxene grains up to 2 cm in size represent the cumulus phase, with the interstitial areas being occupied by intercumulus orthopyroxene grains 1-2 mm in size. Orthopyroxene also occurs as <50 μm-wide exsolution lamellae within large clinopyroxene grains (Fig. 3c) . Both phases are free of strain. Spinel is absent in this xenolith.
The Kuzov olivine websterite KUZ-3 (oval-shaped and ~ 3 cm in size) exhibits an equigranular texture with a grain size of 0.5 to 1 mm ( Fig. 5c-d exsolution lamellae, as well as rare light brown Al-rich rounded spinel inclusions. The Lutynia spinel websterite LUT-2 was collected in the active quarry Lutynia II and has an oval shape with dimensions of approximately 4 × 2 cm. The sample has an inequigranular texture (Fig. 5e-f) with larger, 0.5 to 2 cm, clinopyroxene grains in a finer, 0.5 to 4 mm, matrix of tabular to anhedral clinopyroxene and orthopyroxene. Clinopyroxene encloses orthopyroxene and spinel exsolution lamellae. Spinel is common in the matrix and occurs in three textural varieties: (1) large interstitial equant Cr-rich grains, (2) "vermicular" Cr-rich grains in intergrowths with orthopyroxene (Fig. 3d) , and (3) small, subequant, light brown Al-rich grains enclosed in clinopyroxene or orthopyroxene.
Mineral compositions
All the studied pyroxenites consist of variable proportions of clinopyroxene and orthopyroxene, accompanied by accessory spinel and, in KOZ-17 and KUZ-3, by olivine. In addition, sample KOZ-4 also contains symplectite pseudomorphs after garnet. Mineral compositions are given in Tabs 2-5, and bulk compositions of the two different types of symplectite pseudomorphs (see above) in Tab. 6. Clinopyroxene is relatively homogeneous in individual samples on the intra-and intergrain scales, with little difference between the compositions of cores and rims or porphyroclasts and matrix grains. Mg numbers (#Mg = 100 × Mg/[Mg + Fe 2+ ]) range from 89.4 to 92.8, with the lowest values for DOB-07 websterite and the highest for KOZ-17 olivine clinopyroxenite. Al 2 O 3 contents vary significantly among the samples, from 3.37 wt. % for KUZ-3 websterite to 6.56 wt. % for websterite KOZ-4. Cr 2 O 3 contents also vary widely among the samples (0.38-1.51 wt. %; Fig. 6 ). Na 2 O and TiO 2 contents are low, (0.54-1.85 and 0.14-0.34 wt. %, respectively).
Orthopyroxene, like clinopyroxene, is relatively homogeneous in composition on the inter-and intragrain scales. Mg numbers range from 86.4 to 91.3 among the samples, CaO contents from 0.42 to 1.18 wt. %, and Al 2 O 3 is highly variable between 2.64 to 5.78 wt. %. The Cr 2 O 3 and Al 2 O 3 contents of both pyroxenes in the sample suite are plotted in Fig. 6 , which illustrates the preference of clinopyroxene for Al and Cr over orthopyroxene, and the variable Cr/Al ratios among samples, with KUZ-3 having the highest ratio and KOZ-4 the lowest. Orthopy- Fig. 7) . Such values reflect the Mg/Fe and Cr/ Al ratios in the bulk pyroxenites and parallel those in pyroxenes, with the spinel richest in Cr occurring in sample KOZ-17, and the spinel poorest in Cr in KOZ-4.
Olivine (Tab. 5) occurs only in Kozákov KOZ-17 (#Mg = 89.6) and Kuzov KUZ-3 (#Mg = 90.4). NiO contents are 0.41 wt. % and 0.28 wt. %, respectively, whereas CaO contents are 0.04 wt. % and 0.11 wt. %.
The two types of symplectite pseudomorphs (types I and II) from Kozákov websterite KOZ-4 have different bulk compositions (Tab. 6). The very fine-grained Type I has a composition similar to that of a typical mantlederived garnet with #Mg ranging from 84.9 to 85.6, CaO contents from 3.96 to 4.52 wt. % and a pyrope component from 75 to 77 mol %. However, all analyses show elevated Na 2 O of 0.49 to 0.75 wt. %. The Type II composition differs significantly from that of Type I in having much higher Na 2 O and K 2 O (2.28 to 2.82 wt. % and 0.19 to 0.41 wt. %, respectively), higher CaO (4.86 to 6.37 wt. %), and a lower pyrope content (69 to 73 mol %).
Geothermobarometry
Equilibration temperatures (Tab. 7a) for the studied xenoliths were calculated using three two-pyroxene and the Ca-in-orthopyroxene geothermometers (Bertrand and Mercier 1985; Brey and Köhler 1990; Taylor 1998) and a model pressure of 15 kbar. For sample KOZ-17 containing spinel and olivine, the olivine-spinel Mg-Fe thermometer of Ballhaus et al. (1991) was also employed. The pressure for websterite xenolith KOZ-4, which contains pseudomorphs after garnet, was calculated using the Al-in-Opx geobarometer of Brey and Köhler (1990) (Tab. 7b).
For most samples, the temperature estimates from the different geothermometers agree reasonably well (Tab. 7a). The Kozákov websterites KOZ-4 and KOZ-5 exhibit similar, high temperatures of 1051-1102 °C and 1008-1067 °C, respectively. The olivine-bearing websterite KUZ-3 yields similar temperature of 1020 °C (two-pyroxene means). In contrast, the Dobkovičky and Lutynia websterites have much lower calculated temperatures of 841 and 881 °C (two-pyroxene means). The olivine clinopyroxenite KOZ-17 exhibits a still lower, mean two-pyroxene temperature range of 596-663 °C, although the Ca-in-Opx and olivine-spinel thermometers yield 864 and 826 °C for this sample. The bulk composition of Type I symplectite in websterite KOZ-4 resembles that of garnet, and assuming that the original, pre-symplectite garnet composition has been preserved, pressure has been calculated by the Al-in-Opx geobarometer (Brey and Köhler 1990) in combination with the two-pyroxene geothermometer (Brey and Köhler 1990) and the orthopyroxene-garnet Mg-Fe exchange geothermometer (Harley 1984) (Tab. 7b). This exercise has not been attempted for Type II symplectite because of its high Na 2 O and the unlikely preservation of the original garnet composition.
Tab. 7a Equilibrium temperatures (°C) of the studied xenoliths using various geothermometers

KUZ-3
Iterative solution yields 1084 ºC/17.3 kbar and 1199 ºC/21.4 kbar for the two-pyroxene and orthopyroxenegarnet methods, respectively. Such a large difference in T/P estimates for a single sample could be due to disequilibrium among orthopyroxene, clinopyroxene, and garnet, or more likely, the failure of symplectite to preserve the original composition of garnet. In the latter possibility, the error in T/P estimate would be compounded by utilizing an incorrect garnet composition in both the orthopyroxene-garnet temperature estimate and the Al-in-Opx pressure estimate. Both T/P results lie above the geotherm established for Kozákov volcano at the time of eruption (Christensen et al. 2001) , which also suggests that the T/P results utilizing the symplectite composition may be spurious. Note that combining the two-pyroxene temperature estimate for KOZ-4 with the Kozákov geotherm at the time of eruption yields a depth of ~73 km and pressure of ~23 kbar.
Geochemistry
Trace-element concentrations were analysed for clinopyroxene in all xenolith samples (Tab. 8), and, in the case of websterite KOZ-4, also for symplectite pseudomorphs (Tab. 9). Sr-Nd isotopic compositions (Tab. 10) were determined on acid-leached clinopyroxene separates, except for xenolith KOZ-17, which did not yield enough clinopyroxene for isotope analysis.
Trace-element data
Rare earth element (REE) and extended trace-element patterns for clinopyroxene, all normalized to primitive mantle (McDonough and Sun 1995) , are shown in Figs  8 and 9 , respectively.
Clinopyroxenes from Kozákov websterite KOZ-5 and clinopyroxenite KOZ-17 show subparallel LREE- enriched patterns (La N /Yb N = 5.3-6.4), with KOZ-5 having overall lower REE abundances (Fig. 8) . The patterns show minor to no fractionation from Eu to Lu. In contrast, clinopyroxene in pseudomorph-bearing websterite KOZ-4 exhibits an overall depletion in the HREE, resulting in higher La N /Yb N ratios (19.5-23.0). None of the Kozákov samples features a Eu anomaly. Extended trace-element patterns of all clinopyroxenes show enrichment in U, Th, and Nb, but depletions in Zr, Hf, Rb, and Pb comparing to primitive upper mantle (Fig. 9) . All of these patterns are similar to those of clinopyroxene in Kozákov lherzolites from the lower equigranular (66-70 km depth) layer (Ackerman et al. 2007 ). In addition, clinopyroxene from KOZ-17 displays a marked depletion in Sr. The symplectite pseudomorphs from KOZ-4 websterite show a marked positive slope from the LREE to the HREE, which is typical for mantle garnets, except for an enrichment in La relative to Ce (Fig. 10) . Rubidium, U, and Nb are all enriched relative to La, and Th shows a negative anomaly relative to U and Rb. strontium is variable, with some symplectite grains being enriched relative to Nd, and others depleted (Fig. 10) . Lead shows a range of normalized values, all being enriched relative to Nd (Fig. 10) .
Clinopyroxene grains in xenolith DOB-7 show subparallel REE patterns, which have a distinct depletion in the LREE and a flat distribution of the HREE (Fig. 8) . This clinopyroxene REE pattern is very different from that reported for a whole-rock clinopyroxenite xenolith from the same locality, with LREE enrichment and a positive Eu anomaly (Mihaljevič 1993) . In the extended trace-element patterns (Fig. 9) , the highly incompatible elements Rb and Nb are depleted relative to primitive upper mantle. Lead, Zr and Y show pronounced negative anomalies (Fig. 9) .
Clinopyroxenes from KUZ-3 and LUT-2 xenoliths have similar REE patterns (Fig. 8) , both being slightly LREE-enriched (La N /Yb N = 3.0-5.1). Clinopyroxene grains in KUZ-3 are depleted in Pb and the high-field strength elements (HFSE) such as Nb, Zr and Hf. Rubidium, Th, U, and Nb are all depleted relative to La. Clinopyroxene grains in LUT-2 show negative Nb, Pb, and Zr anomalies (Fig. 9 ). plotted in Fig. 11 , together with data from Quaternary pyroxenite xenoliths from the Eifel in western Germany and Cenozoic volcanic rocks in the CEVP. The samples show a wide range in ε Nd values (+2.6 to +8.9). There is no co-variation of Sm/Nd ratios and Nd isotopic compositions, indicating that the variable degrees of fractionation of mother/daughter isotopes have occurred rather recently, possibly during Tertiary volcanism. Surprisingly, the large spread in Nd isotopic ratios contrasts with the small variation in 87 Sr/ 86 Sr ratios, which for four samples lie between 0.70335 and 0.70350. The data points thus form a nearly vertical array, rather than showing the negative correlation of Sr-Nd isotope data that is typical of the Mantle Array (Fig. 11) . Sample DOB-07 with the highest ε Nd value of 8.9 also has the highest 87 Sr/ 86 Sr ratio of 0.7037. The isotope data demonstrate decoupling of Sr and Nd in pyroxenite of the Bohemian lithospheric mantle, which is a phenomenon also displayed by peridotite xenoliths from Kozákov (Ackerman et al. 2007 (Fig. 11) .
Sr-Nd isotopic composition
Discussion
To date only a few studies on pyroxenite mantle xenoliths from the European Cenozoic volcanics have been published, and models for their origin and composition of the lithospheric mantle are still poorly constrained. Puziewicz et al. (2011) studied clinopyroxenite and websterite xenoliths from Księnginki volcano, which is located on the eastern shoulder of the NE-SW trending Ohře/ Eger rift system in Poland, and suggested an origin as cumulates from alkaline melts with a composition similar to that of the hosting basalts. Witt-Eickschen and Kramm (1998) argued that clinopyroxenites from the Eifel in Germany represent high-pressure cumulates of magmas, whose compositions were similar to, or more primitive than, that of the hosting basalts. In the Bohemian Massif, garnet-bearing pyroxenites (websterite to clinopyroxenite) are common in the high-temperature/high-pressure (HT-HP) Moldanubian and Kutná Hora units, where they occur as layers, lenses, or veins in HT-HP garnet peridotites in granulite and/or paragneiss. Their major-element, trace-element and Sr-Nd isotopic compositions suggest that they likely represent high-pressure cumulates from transient subduction-related upper mantle melts and/or crystallization products of melt-rock reactions between peridotite and these melts (Medaris et al. 1995; Becker 1996; Ackerman et al. 2009 ). Mica-bearing clinopyroxenite xenoliths in melilitic rocks of the Osečná Complex in northern Bohemia may represent metasomatized upper mantle (Ulrych et al. 2000) . High CaO contents in alkaline basaltic rocks throughout the Bohemian Massif support a clinopyroxene-dominated mantle source and an origin as partial melts of clinopyroxene-veined mantle (e.g., Lloyd et al. 1991) . Abratis et al. (2009) interpreted geochemical and mineralogical data of Cenozoic melilitic volcanic rocks from the Erzgebirge, forming an uplifted shoulder of the Ohře/Eger Rift, as evidence for very low degrees of melting of a pervasively metasomatized, CO 2 -rich mantle beneath the Bohemian Massif.
Because clinopyroxene is the principal carrier of REE in a spinel peridotite mantle free of secondary metasomatic phases (e.g., amphibole, apatite), the composition of melts equilibrated with clinopyroxene can be calculated using Cpx/basanite partitioning coefficients (Fig.  12) . The REE patterns for the calculated melts in KOZ-5 and KOZ-17 are very similar, despite of the differences in temperature estimates (1008-1067 ºC vs. 596-663 ºC), mode (websterite vs. olivine clinopyroxenite), and texture. Slightly concave HREE patterns and absence of HREE fractionation (Dy N /Lu N ratios of 1.0) argue for melt derivation in the spinel peridotite stability field. On the other hand, contrasting calculated equilibrium temperatures suggest derivation from different mantle depths. When tectonothermal model of Christensen et al. (2001) is applied, KOZ-5 was likely derived from the depth of ~70 km and KOZ-17 from ~35 km.
The websterite sample KOZ-4, which contains symplectite pseudomorphs after garnet, records a complex evolution, beginning with HT crystallization of coarsegrained, Al-rich clinopyroxene. This was followed by partial recrystallization and subsolidus re-equilibration, resulting in formation of the porphyroclastic texture and development of orthopyroxene and garnet exsolution lamellae in clinopyroxene. The pressure (and depth) under which garnet exsolution occurred is uncertain, due to the equivocal symplectite compositions. Subsequently, garnet was transformed to an orthopyroxene-plagioclase symplectite through a reaction such as Mg 3 Al 2 Si 3 O 12 (garnet) + CaMgSi 2 O 6 (clinopyroxene) + SiO 2 (melt) = 2Mg 2 Si 2 O 6 (orthopyroxene) + CaAl 2 Si 2 O 8 (plagioclase). The presence of substantial amounts of Na in symplectite, positive anomalies for Rb, U, Nb, La, and Pb, and the addition of SiO 2 necessary to balance the reaction, all imply that silicate melt was involved in the garnet breakdown. The extremely fine grain size of orthopyroxene and plagioclase in symplectite indicates rapid cooling, and this, combined with the apparent influence of melt in the development of symplectite, suggests that garnet breakdown occurred during entrainment and transport of the xenolith by the host basanite. The REE patterns of clinopyroxene (Fig. 9 ) and calculated melt (Fig. 12) , which has a Dy N /Lu N ratio of 1.7, demonstrate that the parental melt from which the pyroxenite formed was derived in the garnet peridotite stability field. The ε Nd values of +5.0 and +3.3 in clinopyroxene separates from xenoliths KOZ-4 and KOZ-5 (Fig. 11) lie within the range (+4.6 to 8.5) reported for clinopyroxene from Kozákov peridotite xenoliths (Ackerman et al. 2007 ). This may reflect the long-term history of the xenoliths, e.g. a heterogeneous lithospheric mantle and/or different Sm/Nd ratios due to variable degrees of partial melting in the source of the pyroxenite melts. On the other hand, 87 Sr / with a more radiogenic Sr composition than that of the host basanite. The Dobkovičky websterite DOB-07 has a characteristic cumulate texture (Fig. 5a-b) , although the LREE and other incompatible trace-element depletions in clinopyroxene preclude derivation as a cumulate from the host basanite. For example, the calculated melt, from which the clinopyroxene crystallized, shows a pronounced LREE depletion ( Fig. 12 ; La N /Yb N = 0.27) in contrast to the host basanite, which is LREE enriched (La N /Yb N = 22.6-23.2; Ackerman, unpublished data). A cumulate origin from the host basanite is also precluded by the highly radiogenic ε Nd (+ 8.9) in clinopyroxene, compared to that in the host basanite (ε Nd = +3.9 to +4.0; Ackerman, unpublished data). Rather, trace-element and Sr-Nd isotopic compositions point to a lithospheric mantle source with et al. (1983, 1987) , Blusztajn and Hart (1989) , Bendl et al. (1993) , Ulrych et al. (1998 Ulrych et al. ( , 2000 Ulrych et al. ( , 2002 , Lustrino and Wilson (2007) an ancient depletion in incompatible elements, similar to MORB depleted mantle. Such a composition has only been reported in the Bohemian Massif for the Mohelno peridotite body, located in the HT-HP Gföhl Unit of the Moldanubian Zone (Medaris et al. 2005) . The Kuzov and Lutynia websterites display mutually comparable REE patterns for clinopyroxene and for the calculated melt (Fig. 12) . However, their clinopyroxene 143 Nd/ 144 Nd compositions differ significantly (ε Nd = +2.6 and +4.9, respectively). The Kuzov peridotite xenoliths have not been studied in detail yet, therefore the relationship between the pyroxenite studied here and peridotites remain unclear. However, the presence of olivine, the absence of spinel, variable trace-element patterns and Sr-Nd isotopic compositions of clinopyroxene similar to those in basanite are all compatible with an origin as cumulates from associated basanitic melts. In Lutynia, cryptic metasomatism of peridotites by CO 2 -bearing alkaline melt was described by Matusiak-Małek et al. (2010) . Using the same partitioning coefficients as those used by these authors, the calculated melt composition in equilibrium with Lutynia websterite clinopyroxene is similar to that in equilibrium with the most metasomatized amphibole-bearing peridotite (Group D peridotites; Matusiak-Małek et al. 2010) . Therefore, the Lutynia websterite xenolith may be interpreted as a cumulate from melts that percolated through lithospheric mantle peridotite.
Conclusions
Mantle pyroxenite xenoliths from Kozákov, Dobkovičky, Kuzov and Lutynia are hosted by Tertiary-Quaternary basanites of the Central European Volcanic Province (CEVP). Detailed investigations of petrography, geothermobarometry, major-and trace-element as well as Sr-Nd isotopic compositions reveal a diversity of origins and geochemical evolutions for the studied xenoliths. Two of them from Kozákov volcano, websterite KOZ-5 and clinopyroxenite KOZ-17, have compositions, textures and equilibration temperatures suggesting their derivation from different mantle depths. Sample KOZ-5 comes from a depth of ~70 km, near the base of the Protogranular Layer, and KOZ-17, from ~35 km, near the top of the Upper Equigranular Layer. Kozákov websterite KOZ-4 was derived from a depth of ~73 km near the boundary between the Protogranular and Lower Equigranular layers and records a complex history, including early hightemperature crystallization, followed by partial recrystallization and re-equilibration, during which orthopyroxene and garnet exsolved from clinopyroxene, and finally, breakdown of garnet to an orthopyroxene + plagioclase symplectite. The websterite from Dobkovičky most likely represents a cumulate from a silicate melt passing through the lithospheric mantle. The LREE-depleted patterns of melt from which the xenolith crystallized and a highly radiogenic Nd suggest its derivation from a highly depleted mantle domain with a composition similar to that of depleted MORB mantle (DMM). The melts calculated for the Kuzov and Lutynia pyroxenites have mutually comparable REE characteristics, although the Sr and Nd isotopic compositions of their clinopyroxenes differ. The significance of the Kuzov websterite remains uncertain, because no data exist for the associated peridotite xenoliths. At the Lutynia locality, cryptic metasomatism of peridotites by a CO 2 -bearing alkaline melt was described previously, and the melt composition calculated to be in equilibrium with the websterite clinopyroxene is similar to that in equilibrium with the most metasomatized amphibole-bearing peridotite. Therefore, the Lutynia websterite may represent a cumulate from percolating melt that metasomatized the lithospheric mantle in this area.
